ABSTRACT Obligate intracellular bacteria, such as Ehrlichia chaffeensis, perish unless they can enter eukaryotic cells. E. chaffeensis is the etiological agent of human monocytic ehrlichiosis, an emerging infectious disease. To infect cells, Ehrlichia uses the C terminus of the outer membrane invasin entry-triggering protein (EtpE) of Ehrlichia (EtpE-C), which directly binds the mammalian cell surface glycosylphosphatidyl inositol-anchored protein, DNase X. How this binding drives Ehrlichia entry is unknown. Here, using affinity pulldown of host cell lysates with recombinant EtpE-C (rEtpE-C), we identified two new human proteins that interact with EtpE-C: CD147 and heterogeneous nuclear ribonucleoprotein K (hnRNP-K). The interaction of CD147 with rEtpE-C was validated by far-Western blotting and coimmunoprecipitation of native EtpE with endogenous CD147. CD147 was ubiquitous on the cell surface and also present around foci of rEtpE-C-coated-bead entry. Functional neutralization of surface-exposed CD147 with a specific antibody inhibited Ehrlichia internalization and infection but not binding. Downregu 
amelioration, and resolution of Lyme and Other Tick-Borne Diseases" (4) pointed to the urgent need for research on HME.
E. chaffeensis entry into the human acute leukemia cell line THP-1 leads to productive infection and is dependent on host cell surface lipid rafts and glycosylphosphatidyl inositol (GPI)-anchored proteins (5) . After entry, E. chaffeensis replicates in an early endosome-like compartment which contains early endosome antigen 1 (EEA1), Rab5, transferrin receptor, and vacuolartype H ϩ ATPase (6) but does not contain lysosomal membraneassociated protein 1, CD63, or NADPH oxidase components (6) (7) (8) . E. chaffeensis cells die if they fail to enter an appropriate host cell. Previous studies using pharmacological inhibitors have suggested that the mechanism of E. chaffeensis entry is distinct from that of classic antimicrobial phagocytosis (5, 9) .
E. chaffeensis outer membrane protein ECH1038, with highly strain-conserved N-and C-terminal segments, is highly expressed at the stress-resistant and infectious stage of the E. chaffeensis intracellular developmental cycle (10) . We previously named ECH1038 of Ehrlichia entry-triggering protein (EtpE) because we found that EtpE is exposed on the E. chaffeensis surface and serves as an invasin for direct binding of its mammalian receptor DNase X (DNase I-like protein 1), a GPI-anchored ubiquitous cell surface protein, to trigger infectious entry (11) .
In patient blood specimens, E. chaffeensis is primarily seen in monocytes and not in neutrophils (12) ; hence, human monocytic ehrlichiosis is so named to distinguish it from other human ehrlichioses caused by granulocytotropic species. E. chaffeensis has been stably cultivated only in canine macrophage DH82 cells (13) or THP-1 cells (14) . To apply transfection and mouse mutagenesis techniques and distinguish ehrlichial infectious entry from classic phagocytosis, we developed an effective E. chaffeensis culture system in nonphagocytic cell lines (human embryonic kidney HEK293 cells and monkey endothelial RF/6A cells), as well as primary phagocytic cells (human and canine peripheral blood monocytes and mouse bone marrow-derived macrophages [BMDMs]) (11) . An antibody (Ab) against the E. chaffeensis strainconserved C-terminal segment of EtpE (EtpE-C) greatly inhibits E. chaffeensis binding, entry, and infection of both phagocytic and nonphagocytic host cells in vitro, and immunization of mice with EtpE-C significantly inhibits infection (11) . Although latex beads cannot bind or enter nonphagocytes, EtpE-C-coated beads enter nonphagocytes as well as phagocytes, and the entry is blocked by several compounds that block E. chaffeensis entry (11) . An antibody against DNase X or small interfering RNA (siRNA)-mediated knockdown of DNase X significantly reduces E. chaffeensis binding and entry (11) . Furthermore, the bacterial loads in the peripheral blood in experimentally infected DNase X Ϫ/Ϫ mice are significantly reduced compared with those in infected wild-type mice, indicating that DNase X-mediated entry is also relevant in vivo (11) .
The actin cytoskeleton has crucial roles in particle uptake into phagocytes and nonphagocytes (15, 16) , and a number of intracellular microbial pathogens have evolved ways to manipulate the actin cytoskeleton to facilitate infectious entry into host cells. For example, Salmonella induces plasma membrane ruffles to facilitate host cell entry (17) , Chlamydia causes actin remodeling, leading to reorganization and hypertrophy of preexisting cell surface microvilli to induce its entry (18) , and Shigella causes retraction of cell surface filopodia via actin remodeling to bring bacteria in close contact with the cell body (19) . E. chaffeensis and beads coated with recombinant EtpE-C (rEtpE-C) induce filopodial extensions on the host cell surface at the point of contact (11, 20) , suggesting the involvement of actin cytoskeletal remodeling during the entry process. However, the mechanism of EtpE binding to DNase X to trigger infectious entry is unknown, especially considering that the GPI-anchored DNase X does not span the plasma membrane lipid bilayer.
Our present study is the first to investigate the details of the unique molecular interactions triggered by binding of an ehrlichial invasin to host cells, which is required for host cell actin remodeling and the subsequent infectious entry of E. chaffeensis. Our study reveals a previously unknown signaling pathway induced by EtpE for actin cytoskeletal remodeling. EtpE is the first example of a protein that induces DNase X-dependent actin polymerization in vitro.
RESULTS
The EtpE-C-DNase X complex contains CD147 and hnRNP-K. To identify human proteins that may interact with the EtpEDNase X complex, rEtpE-C (308 amino acid residues) was bound to a Ni-silica column, renatured on the column, and incubated with THP-1 cell lysate. This was followed by washing, elution with imidazole, and finally, separation of eluted proteins and remaining column-bound proteins with sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1A) . Comparison of separated proteins between the control and rEtpE-C columns revealed two conspicuous bands (Fig. 1A, arrows) stably bound to the rEtpE-C column after imidazole elution; immunoblotting confirmed that one was DNase X (Fig. 1B) , but the other was unknown (Fig. 1A, asterisk) . Liquid chromatography-
FIG 1
EtpE-C-DNase X complex interacts with host cell downstream signaling proteins. (A) Affinity pulldown of proteins from a THP-1 cell lysate incubated with rEtpE-C bound to a Ni-silica matrix (a control matrix was not bound with rEtpE-C). The eluate of EtpE-C-interacting proteins and postelution Ni-silica matrix were subjected to SDS-PAGE, followed by GelCode blue staining. Arrows indicate protein bands that were distinct in the rEtpE-C eluate/matrix compared with the control. The most conspicuous band, denoted with an asterisk, was further processed for LC-MS/MS (see Table S1 in the supplemental material). (B) Immunoblotting of the eluate and residual matrix from the affinity pulldown assay, probed with anti-DNase X antibody.
coupled tandem mass spectrometry (LC-MS/MS) of this band identified two major proteins, namely, human CD147 (basigin/ extracellular matrix metalloproteinase inducer; 26% coverage of the short form of CD147) and human heterogeneous nuclear ribonucleoprotein K (hnRNP-K; 44.3% coverage) (see Table S1 in the supplemental material).
Mature human CD147 (i.e., lacking the 21-residue signal sequence) contains 248 residues (short form; ubiquitously expressed isoform of CD147) (21) or 368 residues (long form; retina-specific isoform of CD147) (22) . CD147 (short isoform) contains two glycosylated N-terminal extracellular immunoglobulin domains of 185 residues, a 24-residue transmembrane domain, and a 39-residue cytoplasmic region. Glycosylated human CD147 (short isoform) can be detected with apparent molecular masses ranging from 32 to 60 kDa by SDS-PAGE (23) .
Human hnRNP-K is a 463-residue protein (51.3 kDa) and a component of the heterogeneous nuclear ribonucleoprotein (hn-RNP) complex that localizes both to the nucleus and cytoplasm and can interact with RNA, DNA, and various proteins (24) . Two other proteins identified with a MASCOT score above 100 (see Table S1 in the supplemental material) were not investigated further because their interaction was tenuous owing to the relatively low percentage of coverage in our LC-MS/MS analysis.
CD147 interacts with rEtpE-C as well as native EtpE, is recruited around rEtpE-C-coated-bead entry foci, and is required for ehrlichial entry and infection but not for binding. Using yeast two-hybrid analysis, we previously observed that DNase X directly binds EtpE-C and that endogenous DNase X from THP-1 cell lysate binds renatured rEtpE-C on a nitrocellulose membrane, as seen with far-Western blotting (11) . In agreement with our pulldown data ( Fig. 1) , far-Western blotting revealed that endogenous CD147 from the THP-1 cell lysate bound renatured rEtpE-C but not the control recombinant E. chaffeensis protein ECH0825 (rECH0825) that had been treated similarly ( Fig. 2A) . To validate this interaction with native EtpE, we performed coimmunoprecipitation with lysate of THP-1 cells that had been briefly incubated with E. chaffeensis for 30 min; the lysate was incubated with protein A-agarose beads adsorbed with anti-rEtpE-C antibody or control IgG. The precipitate, which was previously shown to contain DNase X (11), was probed for the presence of CD147. CD147 was present in the complex immunoprecipitated with anti-EtpE-C antibody but not with control IgG (Fig. 2B) . CD147 of THP-1 cells is likely glycosylated, because the molecular size of CD147 was Ͼ50 kDa by immunoblotting (Fig. 2B) , and this is likely the reason why CD147 was found in the same band with hnRNP-K by proteomics analysis (Fig. 1A) .
To further study whether CD147 is present around the entry foci of rEtpE-C-coated latex beads in the absence of other bacterial proteins, HEK293 cells (which are adherent and nonphagocytic, allowing better visualization of signal localization) were incubated with rEtpE-C-coated red fluorescent beads for 1 h, followed by immunostaining with monoclonal antibody (MAb) MEM-M6/6 directed against the membrane-proximal Ig2 domain of CD147. Fluorescence microscopy with deconvolution showed that CD147 was detected ubiquitously on the plasma membrane and surrounded the entry foci of the coated beads (Fig. 2C) . Although pretreatment of HEK293 cells with anti-CD147 antibody did not block E. chaffeensis binding to HEK293 cells at 30 min postinfection (p.i.) (Fig. 2D) , it greatly inhibited E. chaffeensis internalization (Fig. 2E ). This inhibition led to a significantly reduced bacterial load at 48 h p.i. compared with the bacterial load following control IgG pretreatment (Fig. 2F ). This result indicates that CD147 is not a receptor for E. chaffeensis binding but, rather, is specifically required for pathogen entry and for establishing infection.
CD147 gene knockout in mice results in spermatocyte apoptosis, degeneration of germ cells, and infertility (25) , and thus, CD147 knockout mice are difficult to produce. Thus, to test the requirement of CD147 for E. chaffeensis entry, we established a stable knockdown of CD147 via lentiviral-based transduction of HEK293 cells with a CD147-specific short hairpin RNA (shRNA). Compared with using siRNA, shRNA provides sustainable knockdown of target genes with fewer off-target effects (26) . CD147 expression was markedly reduced in shRNA-transduced cells as observed with immunoblotting (Fig. 2G) . Moreover, immunoblotting with an antibody against E. chaffeensis P28 (27) and quantitative PCR (qPCR) of the E. chaffeensis 16S rRNA gene revealed significant reduction of E. chaffeensis infection at 76 h p.i. in CD147 knockdown cells compared with the level in control cells ( Fig. 2G and H) .
hnRNP-K is required for E. chaffeensis entry and infection. hnRNP-K is present in the nucleus, plasma membrane, and cytoplasm of mammalian cells and acts as a docking platform to integrate signals from various signaling cascades (24) . siRNAmediated depletion of hnRNP-K results in cell death (28) , suggesting that it is an indispensable protein. No knockout mouse for hnRNP-K has been reported, probably because hnRNP-K depletion leads to embryonic lethality in mice. Therefore, to study the role of cytoplasmic hnRNP-K in ehrlichial entry and infection, we transfected cells with a plasmid encoding the nanoscale intracellular antibody (iAb) clone number 47 (iAb-47) that contains an hnRNP-K antigen-binding small fragment in the variable domain of the heavy-chain antibodies of camelids that naturally lack light chains (29) . iAb-47 has been shown to bind and confine hnRNP-K in the nucleus of HT1080 fibrosarcoma cells without affecting cell viability, and iAb-47 also inhibits the chemotactic migration of HT1080 cells (28) . Similar to the results with HT1080 cells, transfection of HEK293 cells with an iAb-47-encoding plasmid resulted in hnRNP-K being confined to the nuclear region, with almost no cytoplasmic localization (Fig. 3A) . E. chaffeensis binding was not affected by functional ablation of hnRNP-K by iAb-47 ( Fig. 3B and C), whereas internalization was strongly blocked ( Fig. 3D and E). Immunoblotting of E. chaffeensis P28 in HEK293 cells transfected with the iAb-47 plasmid revealed a significant reduction in bacterial load compared with the load in cells transfected with the control plasmid pEGFP (Fig. 3F) . A similar result was observed with qPCR ( Fig. 3G ), indicating that cytoplasmic hnRNP-K is required for E. chaffeensis entry and infection of host cells.
Activation of N-WASP and actin polymerization are required for E. chaffeensis entry. Efficient nucleation of filamentous actin (F-actin) requires actin-nucleating factors, such as the actin-related protein 2 and3 (Arp2/3) complex, and engagement with nucleation-promoting factors, such as neuronal WiskottAldrich syndrome protein (N-WASP), which exists in an inactive closed conformation unless activated by specific stimuli (30, 31) . It has been reported that hnRNP-K binds N-WASP and activates the Arp2/3 complex to nucleate actin polymerization in vitro (32) . Therefore, we examined whether N-WASP activation is required for E. chaffeensis entry into host cells. The cell-permeable chemical inhibitor wiskostatin binds to the GTPase-binding domain of N-WASP and thereby stabilizes its autoinhibited closed conformation (33) . After pretreating DH82 cells with wiskostatin for 30 min and then removing the wiskostatin, E. chaffeensis was added, and the bacterial load was determined at 50 h p.i. Although pretreatment with 100 nM or 1 M wiskostatin had little effect, a concentration of 10 M resulted in nearly complete inhibition of infection compared with that in the dimethyl sulfoxide (DMSO) solvent control, suggesting that N-WASP activation is required for E. chaffeensis entry (Fig. 4A) . Although wiskostatin at higher concentrations has been reported to nonselectively perturb membrane transport by decreasing the cellular ATP level, wiskostatin at 10 M does not seem to have this effect (34) .
N-WASP is composed of an N-terminal WH (WASP homology) 1 domain, the basic region, a Cdc42/Rac-interactive binding domain, a proline-rich domain, and a WA domain (WH2, cofilin binding, acidic domain; also called VCA, verprolin homology, cofilin homology, acidic domain) at the C terminus. The WA domain binds to G-actin and the Arp2/3 complex (30) . Because the WA domain sequesters the free Arp2/3 complex in the cytoplasm and prevents it from binding to activated N-WASP, the expression of green fluorescent protein (GFP)-WA is often used to elicit a dominant-negative effect on N-WASP function (31) . To validate the role of N-WASP in ehrlichial entry, we transfected RF/6A cells with GFP-N-WASP or GFP-WA. At 48 h posttransfection, the cells were incubated with E. chaffeensis for 4 h, followed by trypsinization to remove noninternalized bacteria, and cells were subjected to immunofluorescence staining with anti-P28 antibody. The internalization of E. chaffeensis was reduced by nearly 90% in WA-transfected cells (Fig. 4B) .
Given the importance of N-WASP activation in E. chaffeensis internalization and infection, we examined the requirement for actin mobilization during internalization. DH82 cells were pretreated for 30 min with 10 M cytochalasin D, which inhibits G-actin polymerization and promotes F-actin depolymerization (35), or with 10 M wiskostatin followed by incubation with E. chaffeensis in the absence of these inhibitors; qPCR revealed almost complete inhibition of bacterial infection at 50 h p.i. (Fig. 4C) . Similar results were obtained with nonphagocytic HEK293 cells incubated with wiskostatin and cytochalasin D that inhibited E. chaffeensis internalization and infection (see Fig. S1 in the supplemental material). Thus, these results demonstrated that N-WASP activation and actin polymerization are necessary for the infectious entry of E. chaffeensis in both phagocytes and nonphagocytes.
N-WASP is recruited to EtpE entry foci in live cells, and N-WASP interacts with rEtpE-C and native EtpE. rEtpE-Ccoated beads enter nonphagocytic and phagocytic cells in a DNase X-dependent manner (11) . To further study whether N-WASP is specifically recruited to entry foci in the absence of other bacterial proteins, we incubated GFP-N-WASP-transfected RF/6A cells with rEtpE-C-coated beads. Live-cell imaging with spinning-disk confocal microscopy revealed that GFP-N-WASP was recruited to entry foci within 1 min of incubation (Fig. 5A , cluster of beads denoted by white arrows; see also Movie S1 in the supplemental material); it appeared to be concentrated at the base of a filopodiumlike cell surface extension embracing the beads and was associated with the beads until the beads were ultimately internalized (Fig. 5A , yellow arrowheads in the xz and yz side views).
It has been reported that the K interaction domain of hnRNP-K binds the WH1 domain of N-WASP and activates N-WASP in cotransfected cells (32) . Thus, we next examined whether EtpE-C, which we found to interact with hnRNP-K ( Fig. 1 ; see Table S1 in the supplemental material), could interact with N-WASP. THP-1 cell lysate was incubated with rEtpE-C or control rECH0825 bound to a Ni-silica matrix. N-WASP was present in the eluate from the rEtpE-C-bound column but not the rECH0825 column (Fig. 5B) . This interaction was further validated by immunoprecipitation of the lysate of THP-1 cells incubated briefly with E. chaffeensis for 30 min with anti-EtpE-C antibody-or control IgG-adsorbed protein A-agarose beads. N-WASP was immunoprecipitated with anti-rEtpE-C antibody but not with the control antibody (Fig. 5C ). These results indicated that N-WASP was recruited to rEtpE-C-coated latex beads or native E. chaffeensis entry foci via protein-protein interaction with EtpE-C.
EtpE-C induces actin polymerization in vitro in a DNase Xand N-WASP-dependent manner. The recruitment of N-WASP to rEtpE-C-coated-bead entry foci and the requirement of N-WASP activation for E. chaffeensis entry and infection suggest that N-WASP activation upon EtpE-C binding to DNase X receptor drives spatiotemporal actin polymerization. To test this possibility, we examined whether (i) rEtpE-C can induce actin polymerization in the absence of any other bacterial protein and, (ii) if so, whether this is dependent on DNase X and N-WASP.
For this, we used an in vitro pyrenyl-actin polymerization time course assay in the presence of the host protein-containing lysate that contains DNase X, CD147, hnRNP-K, N-WASP, and the Arp2/3 complex. The pyrenyl-actin assay is a well-established method to determine the effects of various compounds on actin polymerization based on the enhanced fluorescence of pyreneconjugated G-actin that occurs during its polymerization (36) . Incubation of soluble rEtpE-C with THP-1 lysate indeed induced polymerization of pyrenyl-actin (Fig. 6 ). This actin polymerization specifically required the C terminus of EtpE, because recombinant N-terminal EtpE (rEtpE-N), which does not bind or induce the entry of coated beads into nonphagocytes (11), did not induce actin polymerization (Fig. 6) . The effect of rEtpE-C on actin polymerization was abrogated by the addition of wiskostatin, indicating the requirement for N-WASP activation in EtpE-C-induced actin polymerization in vitro (Fig. 6) . To determine the DNase X dependency of actin polymerization, we used the cell lysate of wild-type or DNase X Ϫ/Ϫ mouse BMDMs rather than THP-1 lysate. rEtpE-C-induced actin polymerization required DNase X, because the lysate of DNase X Ϫ/Ϫ BMDMs, which lacks DNase X, failed to elicit actin polymerization, whereas the lysate of congenic wild-type BMDMs elicited a polymerization profile similar to that of the THP-1 lysate (Fig. 6) . Thus, EtpE-C induced actin polymerization in the absence of any other bacterial proteins and this is dependent on DNase X and N-WASP.
Taken together, these results imply that E. chaffeensis infectious entry is induced by EtpE binding to DNase X, with subsequent recruitment of CD147 and hnRNP-K to the entry foci, followed by spatiotemporal mobilization and activation of N-WASP (most likely mediated by hnRNP-K) at the entry foci and spatiotemporal actin polymerization promoted by the activated N-WASP.
DISCUSSION
The present study reveals that EtpE (more specifically EtpE-C), an E. chaffeensis surface invasin that directly binds to the nontransmembrane GPI-anchored protein DNase X (11), can induce actin polymerization in an N-WASP activation-dependent manner. In intact cells, the cell surface EtpE-DNase X complex and cytoplasmic hnRNP-K and N-WASP are topologically separated by the plasma membrane, and thus, it is likely that the transmembrane glycoprotein CD147, which is recruited to entry foci, is responsible for transducing the extracellular EtpE-DNase X binding signals across the plasma membrane to engage hnRNP-K and activate N-WASP-dependent actin polymerization to drive Ehrlichia entry. This is a previously unknown signaling pathway for host cell uptake/infection of obligate intracellular bacteria.
The only known physiologic function of DNase X is the uptake and degradation of exogenous DNA (37) . The present study demonstrates for the first time the molecular mechanism by which DNase X mediates endocytosis by mammalian cells. This new information suggests that interaction between CD147 (38) and DNase X (37), both of which are present in plasma membrane lipid rafts, may facilitate ehrlichial uptake. This CD147-mediated mechanism of E. chaffeensis entry may be related to other events of actin dynamics, as CD147 has been reported to colocalize with F-actin and promote cytoskeletal rearrangements (39, 40) and the malarial ligand PfRh5 directly binds to CD147, which leads to parasite entry into erythrocytes (41) .
The present work is the first to demonstrate the involvement of hnRNP-K in the host cell entry of any pathogen or molecule. Recombinant glutathione S-transferase (GST)-hnRNP-K was previously shown to activate actin polymerization in an in vitro pyrenyl-actin polymerization assay in the presence of the bovine Arp2/3 complex and GST-N-WASP (32), suggesting that hnRNP-K links the EtpE-C-DNase X signal to N-WASP activation and actin dynamics. hnRNP-K is involved in tumor metastasis and wound healing (28, 42) , but its relevant signaling pathways are insufficiently defined. Therefore, our finding may help the discovery of upstream regulators of hnRNP-K that elicit actinbased cytoskeletal reorganization, potentially unifying our understanding of intracellular bacterial infection, tumor metastasis, and wound healing.
The involvement of hnRNP-K in ehrlichial entry is distinct from the classic mechanism of facultative intracellular bacterial entry, which involves the activation of Rho family GTPases and downstream factors to promote actin polymerization, either through the secretion of type III effectors (e.g., Salmonella SopE, SopE2, and SptP) or direct binding of a bacterial ligand to its cognate host cell receptor with a known role in endogenous substrate adhesion and signaling (e.g., Listeria InlB/hepatocyte growth factor and internalin A/E-cadherin and Yersinia invasin/␤1 integrin) (43) . It remains to be determined, however, whether the activation of Rho family GTPases has any role in ehrlichial entry.
The mammalian WASP/WAVE family contains five members, namely, WASP, N-WASP, WAVE1, WAVE2, and WAVE3, which integrate signaling cascades that lead to Arp2/3-dependent actin polymerization (44) . N-WASP and WAVE2 are ubiquitously expressed, whereas WASP is expressed exclusively in leukocytes and WAVE1 and WAVE3 are enriched in the brain (45) . The entry of Listeria, Yersinia, Salmonella, and Chlamydia bacteria into nonphagocytes depends on the Rac/WAVE complex pathway (46) (47) (48) (49) . On the other hand, phagocytosis of an avirulent strain of Yersinia pseudotuberculosis occurs through the activation of N-WASP (50); moreover, a type III secretion effector, Yop2b, which is inoculated into target cells, is critical for evading phagocytosis (51) . N-WASP is involved in the internalization of Candia into endothelial cells (52) . hnRNP-K binds to the WH1 domain of N-WASP (32), and ehrlichial hnRNP-K-dependent infectious entry likely has coopted N-WASP rather than WAVE2, as the latter lacks a WH1 domain (53) .
EtpE-C induced actin nucleation in vitro in a DNase X-and N-WASP-dependent manner. This is distinct from several bacterial proteins that are known to promote actin nucleation for actinbased motility by mimicking Cdc42, N-WASP, or Arp2/3 functions, such as Shigella autotransporter IcsA (31, 54) , Listeria ActA (55), the spotted fever group Rickettsia WASP-like protein RickA and Sca2 autotransporter (56), SipC of Salmonella (57), and chlamydial Tarp, a type III secretion effector (58) .
E. chaffeensis tandem-repeat protein 120 (TRP120) (glycoprotein 120 [gp120]) was the first protein proposed to mediate E. chaffeensis invasion of human cells, because Escherichia coli transformed with a plasmid encoding TRP120 can invade HeLa cells (59) . Antibodies to TRP120 can reduce the E. chaffeensis load in vitro and in mice (60) . In addition, an antibody against the E. chaffeensis surface-exposed lipoprotein OmpA inhibits E. chaffeensis binding to and infection of THP-1 cells (10). Immunization of mice with recombinant P28, which is the E. chaffeensis major outer membrane ␤-barrel protein (27) and functions as a porin (61), protects mice from E. chaffeensis challenge (27) . Furthermore, immunization of mice with Ehrlichia muris P28 confers protection from E. muris challenge (62) . TRP120 is one of the proteins on the surface of isolated E. chaffeensis cells, the other two proteins being OmpA and VirB6-2, which are selectively degraded by E. chaffeensis HtrA protease upon treatment with the cellpermeable functional antagonist of cyclic-di-GMP; the E. chaffeensis transmembrane outer membrane proteins P28/ Omp-1F, VirB9, and heat shock protein 60 (HSP60) were not degraded by the treatment in the same sample (63) . Because treatment of E. chaffeensis with the antagonist of cyclic-di-GMP blocks E. chaffeensis entry but not binding (63) , this result suggests that TRP120, OmpA, and VirB6-2 are not adhesins. Although some of these Ehrlichia surface proteins may mediate bacterial entry into cells, clear evidence for this has not been reported, and their respective human cell receptors and signaling pathways have not been identified. Figure 7 presents our model for the mechanism underlying the infectious entry of Ehrlichia. Upon EtpE binding to DNase X, the lateral redistribution of DNase X within lipid rafts brings CD147, which is enriched in lipid rafts, into association with the EtpEDNase X complex. Because CD147 is a single-pass transmembrane protein, it can relay a signal to the cytoplasmic side of the cell membrane and recruit hnRNP-K, which may culminate in N-WASP activation, actin polymerization, and filopodial extension that surrounds the bacterium, leading to its uptake. Although further studies are necessary to determine detailed mechanisms of associations between these host cell proteins involved in facilitating Ehrlichia entry, the present study provides insight into a unique signaling pathway for EtpE-mediated infectious entry of an obligate intracellular bacterium.
MATERIALS AND METHODS
Ethics statement. BMDMs were established from wild-type and DNase X Ϫ/Ϫ C57BL/6 mice as described previously (11) Bacterial and host cell culture. E. chaffeensis type strain Arkansas was propagated in DH82 cells, and host cell-free E. chaffeensis was obtained by controlled sonication as described previously (11) . HEK293, RF/6A, THP-1 cells, and BMDMs were cultured as described previously (11) .
Plasmids, recombinant proteins, and antibodies. The plasmids used in the study, including those encoding GFP-N-WASP, GFP-WA, and iAb-47 (28), were purified with an EndoFree kit (Qiagen) and transfected using FuGene HD (Promega). The recombinant proteins rEtpE-C, rEtpE-N, and rECH0825 were prepared as described previously (11) . The primary antibodies used in the study were mouse anti-EtpE-C antibody (11), rabbit anti-DNase X antibody (Abcam), anti-CD147 MAb (MEM-M6/6; Santa Cruz Biotechnology and Abcam), rabbit anti-N-WASP antibody (Santa Cruz Biotechnology), anti-hnRNP-K MAb (Santa Cruz Biotechnology), rabbit anti-actin antibody (Sigma), and rabbit anti-E. chaffeensis P28 antibody (27) . The secondary antibodies were peroxidase-conjugated goat anti-mouse or anti-rabbit antibody (KPL) and goat anti-mouse or anti-rabbit IgG (Invitrogen) conjugated with Alexa Fluor 488 (AF488) or AF555 (Invitrogen). DAPI (4=,6-diamidino-2-phenylindole) (Sigma) was used to stain E. chaffeensis DNA and/or host cell DNA (nuclei).
Affinity pulldown and LC-MS/MS. For protein pulldown, histidine (His)-tagged rEtpE-C was bound to and renatured on a Ni-silica matrix (Promega). THP-1 cell lysate in NP-40 lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 1% [wt/vol] NP-40, supplemented with 1% protease inhibitor cocktail set III [Calbiochem] ) was applied to rEtpE-C-bound or control matrix and incubated for 8 h at 4°C. Unbound proteins were washed from the matrix with 50 mM sodium phosphate buffer (pH 7.4) containing 0.3 M NaCl and 1% (wt/vol) NP-40, followed by 15 ml phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 , pH 7.4) containing 10 mM imidazole and 1% NP-40. rEtpE-C and the bound protein complex were eluted with sodium phosphate buffer containing 0.3 M NaCl and 250 mM imidazole. The eluate and the postelution Ni-silica matrix were resuspended in 2ϫ SDS sample buffer and subjected to SDS-PAGE. The gel was fixed and stained with GelCode blue (Thermo Fisher Scientific), and conspicuously different bands were cut out, trypsin digested, and subjected to LC-MS/MS at the Mass Spectrometry and Proteomics Core Facility at The Ohio State University. Sequence information from the MS/MS data was processed with Mascot Distiller to form a peak list and with the MASCOT MS/MS search engine and Turbo SEQUEST algorithm in BioWorks 3.1 software. Aliquots of samples were also subjected to immunoblotting with antiDNase X antibody.
Far-Western blotting and coimmunoprecipitation. rEtpE-C and rECH0825 (5 g) were separated with SDS-PAGE, transferred to a nitrocellulose membrane, and renatured with serial guanidine-HCl treatment, followed by incubation with THP-1 cell lysate in NP-40 lysis buffer (11) . After stringent washing, the membrane was incubated with anti-CD147 antibody, followed by peroxidase-conjugated goat anti-mouse IgG. The membrane was stripped with Restore Western blot stripping buffer (Thermo Fisher Scientific) and reprobed with peroxidase-conjugated anti-His MAb (Sigma). THP-1 cells were incubated with E. chaffeensis for 30 min and lysed in NP-40 lysis buffer. The lysate was immunoprecipitated with anti-EtpE-C antibody (2 g)-or control mouse IgG (2 g)-bound protein A-agarose beads. The precipitate was resuspended in 2ϫ SDS sample buffer and subjected to immunoblotting with anti-CD147 and anti-N-WASP antibodies.
CD147 neutralization and RNA interference and iAb-47 functional ablation. E. chaffeensis was added to HEK293 cells preincubated with 10 g/ml anti-CD147 MEM-M6/6 MAb (low endotoxin, azide free; Abcam) or control mouse MAb for 30 min at 25°C in serum-free Dulbecco's modified Eagle medium (DMEM). Binding, internalization, and infection were determined at 30 min, 1 h, and 48 h p.i., respectively. HEK293 cells in 24-well plates were transduced with 1 ϫ 10 6 transducing units of CD147 shRNA lentiviral transduction particles (Sigma) using 8 g/ml Polybrene, and resistant cells were selected with three rounds of puromycin selection (2 g/ml). The resistant clones were replated, lysed with NP-40 lysis buffer, and used to estimate the level of CD147 with immunoblotting. The CD147 levels were normalized to the actin levels. Cells were incubated with E. chaffeensis for 30 min, 1 h, or 76 h to study binding, internalization, and infection, respectively. Coverslip cultures of HEK293 cells were transfected with 0.5 g iAb-47 or control pEGFP-N1 plasmid. At 48 h posttransfection, cells were harvested, washed, fixed, and immunostained to study the expression pattern of hnRNP-K. Cells were incubated with host cell-free E. chaffeensis for 30 min, 2 h, or 56 h to study binding, internalization, and infection, respectively.
Inhibitors of actin dynamics. DH82 or HEK293 cells in DMEM were incubated with wiskostatin (Sigma) at 0.1 to 10 M and cytochalasin D (Calbiochem) at 10 M for 30 min. The cells were washed and replenished with complete DMEM prior to incubation with freshly isolated host cellfree E. chaffeensis. At 2 h p.i., the cells were washed to remove unbound or loosely attached bacteria and further incubated for 48 h without chemicals. For the internalization and infection study in HEK293 cells, cells were pretreated for 30 min with 2.5 M cytochalasin D or 5 M wiskostatin, followed by incubation with host cell-free E. chaffeensis. After removal of chemicals by washing, the cells were cultured for an additional 1 and 48 h, respectively, for internalization and infection. To assess the role of N-WASP in bacterial internalization, RF/6A cells were transfected with GFP-N-WASP or GFP-WA. At 48 h posttransfection, cells were incubated with host cell-free E. chaffeensis at a multiplicity of infection of 50 for 4 h.
Binding, internalization, and infection assays. For the binding assay, samples were fixed with 3.5% paraformaldehyde and subjected to one round of immunolabeling with anti-P28 antibody, whereas for internalization assays, two steps of labeling of fixed cells with anti-P28 antibody were carried out: the first labeling step was performed without saponin permeabilization to detect bound but not internalized E. chaffeensis using anti-P28 antibody and AF488-conjugated anti-rabbit IgG, and the second labeling step was performed after permeabilization with saponin to detect total E. chaffeensis bacteria using AF555-conjugated anti-rabbit IgG (11) . Fluorescence images were acquired using a DeltaVision deconvolution microscope system (GE Healthcare). The number of bacteria on 100 cells was scored. Overall infection was determined at 48 to 76 h p.i. by immunoblotting with anti-P28 antibody or qPCR, using the E. chaffeensis 16S rRNA gene normalized to the host cell glycerol-3-phosphate dehydrogenase (G3PDH) gene (10) .
Cellular localization analysis. Sulfate-modified fluorescent red polystyrene beads (0.5-m diameter; Sigma) were coated with rEtpE-C as described previously (11) . Freshly prepared protein-coated beads were added to HEK293 cells at a ratio of approximately 50 beads per cell and incubated for 1 h at 37°C. Cells were fixed, permeabilized, and labeled with mouse anti-CD147 MAb and AF488-conjugated goat anti-mouse IgG.
Live-cell imaging by spinning-disk confocal microscopy. RF/6A cells were transfected with GFP-N-WASP, and at 23 h posttransfection, fresh phenol red-free Leibovitz's L-15 medium supplemented with 10% fetal bovine serum was added, and cells were incubated with flash red beads (0.51-m diameter; Bangs Laboratories) coated with rEtpE-C (11). Samples were moved to a live-cell imaging chamber at 37°C connected to a TI-E inverted research microscope (Nikon Instruments) controlled by Nikon Elements software and equipped with a spinning-disk confocal unit (Yokogawa Electric), a 100ϫ objective lens (Plan Apochromat Lambda, NA 1.45; Nikon), and an electron multiplying charge-coupled device (EMCCD) camera (iXon DU897 Ultra; Andor Technology). Three-dimensional confocal image stacks were acquired at 1-min intervals for 2 h, with a step size of 0.1 m along the z axis. The bead internalization movie (see Movie S1 in the supplemental material) was prepared with ImageJ software by creating a stack of confocal images acquired at the upper surface of an RF/6A cell.
Pyrenyl-actin polymerization assay. The actin polymerization assay was performed according to the manufacturer's protocol (Cytoskeleton, Inc.). Purified rEtpE-C and rEtpE-N at 20 g were used for the assay. The baseline fluorescence emitted by pyrenyl-actin in G-actin buffer (Cytoskeleton, Inc.) or G buffer blank was measured at 37°C for 3 min. Control buffer, rEtpE-N, or rEtpE-C was added to the wells in the presence of THP-1 cell lysate or wild-type or DNase X Ϫ/Ϫ BMDM lysate with or without 10 M wiskostatin in a total volume of 200 l. Fluorescence was measured every 30 s for 30 min using the medium photomultiplier setting with an excitation wavelength of 355 nm, an emission wavelength of 430 nm, and a cutoff of 420 nm. At the end of the reading, 10ϫ actin polymerization buffer (Cytoskeleton, Inc.) was added to all wells, and the fluorescence was read again to verify that the assay conditions were appropriate to detect polymerization. The raw data obtained were used to generate a polymerization time course plot.
Statistical analysis. Statistical analysis was performed with an unpaired, two-tailed Student's t test. A P value of Ͻ0.05 was considered significant.
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